Non-food-grade hybrids produced higher grain yields and kernel mass than food-grade hybrids. Grain hardness was greater for nonfood-grade and medium maturity hybrids when environmental means were lower (i.e., softer) but showed little or no difference in hardness when environmental means were high. Nebraska production environments have the capability to produce high quality food-grade sorghums for specifi c food uses to benefi t both the producer and the food processor. in tortilla production (Almeida-Dominguez et al., 1991) and for wheat in leavened or unleavened breads (Rooney and Awika, 2005) . Food-grade white sorghum can lead to reduced color, shorter conversion and runoff times, and improved yields for brewing (Figueroa et al., 1995) . The bland taste of sorghum fl our that will readily accept new fl avors makes sorghum a desirable grain for many types of snack foods (Rooney, 1996) . Sorghum fl our is also gluten free, making it a desirable food product for humans with gluten intolerance (Fasano and Catassi, 2001) , and many hybrids have high levels of antioxidants and dietary fi ber (Rooney and Awika, 2005) .
Little research has been conducted comparing the environment and agronomic practice infl uence on grain quality of sorghum hybrids. Sorghum grain yield and protein concentration are increased by increasing N supply (Kaye et al., 2007; Kamoshita et al., 1998) . High temperatures and water stress results in lower starch concentrations (Johnson, 2005) , and an increased N supply has been associated with increased kernel hardness (Kaye et al., 2007) . Irrigation has been shown to result in softer kernels (Taylor et al., 1997) . In general, dry milling and alkaline cooking for human food products is better with hard kernels (Johnson, 2005; Shandera et al., 1997) , while wet millers and brewers prefer softer kernels with lower protein concentrations (Fox et al., 1992) . The determination of grain yield and hardness of food-grade sorghum hybrids grown in diff erent production environments would assist grain merchandisers, farmers, and food processors in targeting environments and hybrids for value-added end-use markets.
The objective of this research was to determine the magnitude of environment and hybrid eff ects on foodgrade sorghum grain yield, hardness, and starch and protein concentrations. These results help relate grain yield, hardness, and starch and protein concentration to the best production areas and hybrids for dry-milled food products for the relatively new and small food-grade market that has potential for growth in the near future.
MATERIALS AND METHODS
Field experiments were conducted in 12 Nebraska environments, with each location-year combination being considered an environment. The environments were selected to represent an array of environments typical for sorghum production in Nebraska. Eastern Nebraska experiments were conducted at the University of Nebraska Agricultural Research and Development Center (ARDC) near Mead, NE, under furrow irrigation, dryland, and dryland with low-N environments in 2005. Central Nebraska experiments were conducted on dryland and with furrow irrigation at the South Central Agricultural Laboratory (SCAL), near Clay Center, NE, and in a farmer's dryland fi eld at Hebron, NE, in 2004 and . In 2005, a dryland location in west-central Nebraska was added near Orleans, NE. Monthly average temperatures and precipitation totals for each environment during the course of the experiment, as well as 30-yr averages for each environment, are shown (Tables 1 and 2 ).
All commercial food-grade sorghum hybrids available in 2004 and adapted to Nebraska were included in the experiment. Nine commercial food-grade hybrids and six commercial non-food-grade hybrids with maturity range classifi cations similar to the food-grade hybrids were used as checks (Table  3 ). In addition, Macia, a white grain, tan plant sorghum variety from Africa was used as a high grain quality food-grade check (Dlamini et al., 2007) .
Planting date depended on soil temperature and rainfall, with all experiments planted between 22 May and 10 June in both years. Sorghum was planted in 4-row plots 7.6 m in length with rows spaced 76 cm apart. Plant populations varied from 24,000 to 44,000 seeds ha −1 depending on expected precipitation and availability of irrigation. The previous crop in all environments was soybean [Glycine max (L.) Merr.], except in the Mead low-N environments, where the previous crop was oats (Avena sativa L.), and at Orleans, where the previous crop was wheat (Triticum aestivum L.). Gravity irrigation was The experiment was conducted as a randomized complete block experiment with three replications in each environment. Data were analyzed by ANOVA using SAS mixed model (Littell et al., 1996) . Environments and hybrids were considered fi xed eff ects in the model, while block eff ects within an environment were considered random. Homogeneity of variances was not a problem due to the balanced experimental design with equal number of replications and the fact that the environment and hybrid eff ects were fi xed (Scheff é, 1959; Montgomery, 2005) . Preplanned single degree of freedom contrasts based on the research design, some being orthogonal and others not, and LSDs (p = 0.05) were used to separate the main eff ect means for all parameters measured, and Pearson correlation coeffi cients were calculated to determine the relationship applied in irrigated environments based on physical observation of crop stress and soil water content using the feel method (USDA, 1998). All soils were high water holding capacity silt loam to silty clay loam soils with 18 to 32 g kg −1 organic matter and had suffi cient levels of all nutrients except N for sorghum grain production (Wortmann et al., 2006) . The amount of N applied varied based on expected yield, soil NO 3 -N level, and whether low-N status was a planned treatment. Weed control was obtained by herbicide application and cultivation.
Grain yield was determined by machine harvest of the inner rows of each plot in all environments and adjusted to 14% water content. A modifi ed John Deere 3300 combine (Moline, IL) with Model 453 row crop head was used to harvest Mead environments, and a modifi ed Gleaner K2 combine (Independence, MO) was used at Clay Center, Hebron, and Orleans. Before machine harvest, 15 to 20 sorghum panicles were hand harvested from each plot. Each hand-harvested sample was threshed using a belt thresher and stored at 10°C until tested for grain quality characteristics. The weight of each hand-harvested sample was added back into the machine harvest grain yield of each plot. Thousand-kernel weights were determined by weighing 200 kernels in duplicate and multiplying by fi ve.
Grain quality assessment for hardness consisted of bulk density (test weight), using a Grain Analysis Computer 2100 (DICKEY-john Corporation, Auburn, IL 1 ), and true density, using a multipycnometer MVP-6DC (Quantachrome Instruments, Boyntown Beach, FL) and tangential abrasive dehulling device (TADD; model 4E-22, Venebles Machine Works, Saskatoon, SK) as described by Kaye et al. (2007) . Bulk density (test weight) was defi ned as the mass of a volume of grain including the air space, while true density was defi ned as the mass of a unit of grain volume without air space (Wilhelm et al., 2004) . The TADD test was administered by milling 40-g samples of sorghum grain for 2 min to measure the percent removal. Low TADD removals and high bulk and true densities indicate hard kernels desirable for dry milling and alkaline-cooked food uses ( Johnson, 2005; Shandera et al., 1997) . Fifteen-gram samples were evaluated for protein (Padmore, 1990) and starch (Hall, 2001 ) concentrations by Ward Laboratory, Kearney, NE. among yield, kernel mass, hardness parameters, and protein and starch concentrations. Environment × hybrid interaction eff ects were partitioned into logical components of food-grade and non-food-grade hybrids and hybrid maturity and were tested by ANOVA and graphed on environmental means to assist with interpretation (Budak et al., 1995) .
RESULTS AND DISCUSSION

Climate
Average monthly temperatures during the growing seasons were similar in both years ( (Garrity et al., 1983; Hattendorf et al., 1988) occurred. Based on higher average temperatures (Table 1) , lower precipitation during July and August ( 
Environment Effects
Yield and Kernel Mass
Magnitude of the mean squares indicated that environment had a 60 times greater eff ect on yield and fi ve times larger eff ect on kernel mass than did hybrid (Table 4) . Average grain yield ranged from 1.4 to 10.5 Mg ha −1 for the 12 environments (Table 5) , with the highest yields usually present in irrigated environments and the lowest yields in dryland environments (Table 6) (Table  5) . Grain yields were higher in 2005 than 2004 and higher at Clay Center than Mead, and dryland yields were higher at Hebron than at Clay Center and lower at Orleans than in other dryland environments in 2005 (Table 6 ). The Clay Center dryland 2005 environment produced yields equivalent to irrigated conditions, probably the result of relatively uniform precipitation distribution throughout the growing season (Table 2) .
Kernel mass was heaviest in dryland environments (Tables 5 and 6 ) where the seeding rates were lower, which was consistent with previous studies (Kiniry, 1988; Maman et al., 2004) (Table 6 ).
Hardness
Magnitude of mean squares indicated that main eff ect of environments had a 140, 61, and 81 times greater eff ect on bulk density, true density, and TADD removal, respectively, than did hybrid (Table 4) (Table 3) and warmer temperatures in July, August, and September in 2004 (Table 1) , consistent with other research that has shown production of harder kernels when more water and/or heat stress is present ( Johnson, 2005; Taylor et al., 1997) . Irrigated environments produced slightly higher bulk densities, but no diff erences were detected for other hardness parameters (Table 6 ). Mead produced slightly higher bulk densities than Clay Center, and Orleans produced slight lower TADD removal than the other locations in 2005.
Mead dryland with low-N environments in 2004 and 2005 produced kernels that were less dense than other environments each year, more so in 2004 when N was more limiting than in 2005 (Table 5) . The Mead 2004 dryland low-N environment also had the lowest bulk density and highest TADD removal. Orleans and Hebron dryland environments in 2005 produced kernels with the smallest TADD removals (i.e., hardest kernels). These environments had similar temperatures and total precipitation (Tables 1 and 2 ) with the exception of Orleans. Research with sorghum and maize has shown that kernel density is greater under dryland conditions than irrigated conditions and that increased N rate increases kernel density (Taylor et al., 1997; Kniep and Mason, 1989; Bauer and Carter, 1986; Duarte et al., 2005) . Johnson (2005) found harder sorghum kernels produced under drier Texas growing conditions than in Kansas and Nebraska.
Starch and Protein Concentration
Magnitude of the mean squares indicated environment had a six to eight times greater eff ect on protein and starch concentrations than did hybrid (Table 4) . Protein concentration was greater in 2004, while starch concentration was higher in 2005 (Table 6) , consistent with the expected inverse relationships between protein concentration and grain yield (Table 5 ; Bewley and Black, 1994; Duvick and Cassman, 1999; McDermitt and Loomis, 1981) 1981). Total precipitation was less than long-term averages in both years but greater and better distributed in 2005 than 2004 (Table 2) . Protein concentrations were higher at the Clay Center than the Hebron dryland environments and starch concentration was greater in dryland than irrigated environments ( (Tables 1 and 2 ) received during grain fi ll (Bewley and Black, 1994) , especially at Orleans in 2005. This stress is also refl ected by lower grain yields ( Table 5 ). The 2005 environments had a larger range for protein concentrations among environments than 2004, but the averages were similar between years (Table 6) (Table 5 ). Low protein concentrations were expected in low-N environments since increased N application has been shown to increase the amount of protein in grain (Hanson et al., 1988; Kaye et al., 2007) . Increased starch concentrations in the Mead dryland with low-N environments in 2005 were driven by high July rainfall (Table 2 ) and average temperatures close to the long-term average in August (Table 1) , as reported by Bewley and Black (1994) , as well as reduced N applications.
Hybrid Effects
Yield and Kernel Mass Food-grade sorghum hybrids produced lower grain yields than the non-food-grade hybrids, but the food-grade hybrids Kelly Green Seed KG6902, Fontanelle W-1000, and Mycogen 14665 yielded as well as the highest yielding non-food-grade hybrids (Table 7) . The food-grade check variety Macia produced lower yield than the foodgrade hybrids, which was expected due to lower heterosis in varieties than hybrids (Duvick, 2005) . Late-maturity hybrids produced higher yields than medium-maturity hybrids, both for food-grade and non-food-grade hybrids (Table 8) , as previously reported (Saeed et al., 1984) .
Food-grade hybrids had lighter kernel mass than the non-food-grade hybrids (Table 8) , but several individual food-grade hybrids had kernel mass equal to non-foodgrade hybrids (Table 7 ), suggesting that grain produced by non-food-grade hybrids might have higher fat and protein concentrations and nutritional value than grain produced by food-grade hybrids (Kriegshauser et al., 2006) . Given the lower research investment made in developing commercial food-grade sorghum hybrids, it is not surprising to fi nd lower average grain yields and kernel mass for foodgrade hybrids. However, the results indicate that with careful hybrid selection, food-grade sorghum producers can identify hybrids that produce high yield and have heavy kernels equal to those of non-food-grade hybrids (Table 7) . From the food-grade hybrids used in this experiment, both Kelly Green Seed KG6902 and Dekalb 44-41 produced high yields and heavy kernels.
Hardness
On average, food-grade hybrids produced softer kernels than did non-food-grade hybrids, as was shown with lower bulk and true densities and higher TADD removal (Table 8) . Late-maturity hybrids tended to produce kernels with lower TADD removal than medium-maturity hybrids but higher bulk density. However, considerable variation occurred among hybrids within both food-grade and non-food-grade hybrids ( Table 7) . The non-food-grade hybrid Dekalb 42-20 had the highest bulk density of all hybrids, Dekalb 42-20, NC+6C69, and Macia had the highest true densities among all hybrids, and Macia, Dekalb 42-20, and Pioneer 84Y00 had lowest TADD removals indicating production of hard grain. The hardest food-grade hybrid was Asgrow Orbit, but it had lower bulk and true densities and greater TADD removal than Macia and the best non-food-grade hybrids. The non-food-grade hybrids had the highest average true densities, but individually the non-food-grade hybrid NC+6C69 and the food-grade check variety Macia had the highest true density among all hybrids. These results indicate that many food-grade sorghum hybrids have the desired grain and plant color for food products but, from a hardness perspective, are less desirable for producing food products than many non-food-grade hybrids. Among the food-grade hybrids, Asgrow Orbit had the hardest grain with the highest bulk density, one of the highest true densities, and one of the lowest TADD removals, so it would be a good hybrid for food use (Johnson, 2005) . The food-grade hybrids Fontanelle W-1000, NC+7W92, and NK1486 had the softest kernels, and thus would be more appropriate for use in brewing (Figueroa et al., 1995) or wet milling (Johnson, 2005) .
Protein concentrations between food-grade and nonfood-grade hybrids were similar, while Macia had higher protein concentration than the food-grade hybrids (Table  8) . Medium-maturity hybrids had slightly higher protein concentration than late-maturity hybrids, probably associated with lower grain yields (Tables 5 and 6 ; McDermitt and Loomis, 1981) . Starch concentrations were greater for grain produced by food-grade hybrids, while the maturity classifi cation had little eff ect (Table 8 ). Although the average was similar, food-grade hybrids had a wider range of protein and starch concentrations than non-food-grade hybrids (Table 7) , thus high protein or starch concentration could be achieved by selecting the best hybrids. In most cases, an inverse relationship between protein and starch concentrations appeared to be present. Food-grade hybrids with high amounts of starch and low amounts of protein that could be converted to fermentable sugars would be desirable to brewers (Agu and Palmer, 1998) .
Hybrid × Environment Interaction
The ANOVA indicated that the hybrid × genotype interaction eff ects made up less than 2% of the total variation for all parameters measured (Table 4 ) and thus was of minor importance. Partitioning of the mean squares for the interaction indicated that diff erences were present for food-grade and non-food-grade hybrids and hybrid maturity. Grain yield and hardness increased as the environment mean increased ( Fig. 1 and 2 ). Non-food-grade hybrids produced higher grain yield across all environments, with the diff erence in yield being slightly less as the environment mean yield increased (Fig. 1A) . Both maturities produced similar yields in low-yielding environments while late-season hybrids produced greater yields as the environment mean yield increased (Fig. 1B) . The late-season hybrids produced 0.7 Mg ha −1 greater yield in the highest yield environments. Grain hardness, as measured by true density, was greater for non-food-grade ( Fig. 2A ) and medium-maturity (Fig. 2B ) hybrids when environmental means were lower (i.e., softer) and decreased as the environmental mean increased, with little or no diff erence in true density when environmental means were high. Similar results were found for the other hardness parameters, bulk density, and TADD removal (data not presented).
Correlation Analysis
Pearson correlations indicated that grain yield was positively associated with kernel mass (Table 9) as previously reported (Larson and Vanderlip, 1994; Lesoing and Francis, 1999; Rajewski et al., 1991; Maman et al., 2004; Saeed et al., 1987) . Hardness parameters were highly correlated to each other and to yield and kernel mass. Both bulk and true density had high negative correlation with TADD removal, similar to the results of Almeida-Dominguez et al. (1991) in maize and Kaye et al. (2007) in sorghum but contrasting with the results of Buff o et al. (1998) . Grain yield was correlated with all parameters measured except protein concentration ( Table 9 ). As expected, hardness parameters were highly correlated with each other (Kaye et al., 2007) and with starch concentration. Kernel mass had high correlation with hardness parameters and starch concentration and low correlation with protein concentration. The kernel mass correlations with starch and protein concentration were in contrast with the results of Kriegshauser et al. (2006) . Protein concentration had low but signifi cant correlations with hardness parameters, in contrast with the results of Kaye et al. (2007) , Buff o et al. (1998), and Beta et al. (1995) . Protein concentration had low correlation with kernel mass and bulk and true densities, in contrast with other studies (Kaye et al., 2007; Duarte et al., 2005) . Protein concentrations were generally negatively correlated with starch concentration, with the exception of the Mead dryland with low-N 2004 environment, which had both low protein and starch concentrations. Starch concentration was relatively highly associated with grain yield, kernel mass, and hardness parameters, which is consistent with previous research that starch concentration increases with grain yield (McDermitt and Loomis, 1981) and that starch has higher density than protein (Hoseney, 1994) .
CONCLUSION
The environment in which food-grade sorghum is produced clearly contributes much more heavily to variation in yield and quality traits than hybrid selection or hybrid × environment interactions. Of the four major U.S. growing states (Texas, Kansas, Oklahoma, and Nebraska), Nebraska average yield is highest with statewide yields averaging 3.3, 4.9, 2.8, and 5.7 Mg ha major sorghum producing states during grain maturation and dry-down periods are typically dry and cool (Tables  1 and 2 ). The combination of high yield potential and climatic conditions less favorable for grain weathering have contributed to south-central Nebraska becoming a recognized center for the new and small market food-grade sorghum with the establishment of fl our production at Twin Valley Mills (Twin Valley Mills LLC, 2009 ). This market has great potential for expansion in the near future.
Although of secondary importance, choice of foodgrade sorghum hybrids is an important decision both for high yield and specifi c grain quality attributes. In this study, Asgrow Orbit and the food-grade check Macia produced the hardest kernels desired for dry-milled food products. Kelly Green Seed KG6902, NC+7W92, and Fontanelle W-1000 had lower protein and higher starch concentrations, indicating that they should be well suited for brewing. The hybrid × genotype interaction made up less than 2% of the total variation and thus was of minor importance, although non-food-grade and mediummaturity hybrids produced harder grain in environments with lower environmental means.
The results of this study demonstrate that selection or manipulation of sorghum production environments within the high-yielding Nebraska area can contribute strongly toward producers achieving quality parameters for specifi c markets. Dryland environments can be selected to produce harder kernels useful for dry milling food purposes. Alcohol production for beer or ethanol works best with sorghum that is high in starch and low in protein, which can be produced in low-N environments with an adequate water supply. Nebraska production environments have the capability to produce high-quality foodgrade sorghums with marketable traits for specifi c food uses to benefi t both the producer and the food processor. 
